DCE MRI is an established component of multi-parametric MRI of the prostate. The sequence highlights the vascularization of cancerous lesions, allowing readers to corroborate suspicious findings on T2W and DW MRI and to note subtle lesions not visible on the other sequences. In this article, we review the technical aspects, methods of evaluation, limitations, and future perspectives of DCE MRI.
Prostate cancer (PCa) is the second most common cancer in men throughout the world, and the second highest cause of cancer-related deaths in the US [1] . In fact, on postmortem biopsies, pathologists note PCa in about 80% of both white and black American men in their 70's [2] . With widespread screening using serum prostatespecific antigen (PSA), standard biopsy rates and consequently PCa detection rates have shot up in the past few decades. However, a man's lifetime risk of developing PCa and dying of PCa is 16% and 2.9%, respectively [3] , demonstrating that most disease diagnosed in men is indolent. This data suggests the need to reduce the unnecessary detection of low-risk disease and prolonged surveillance of patients with such disease.
Multi-parametric magnetic resonance imaging (mpMRI) has emerged as an excellent modality for ruling out high-risk PCa lesions, and can act along with PSA as an adjunct test for biopsy-naı¨ve and biopsynegative patients [4] . Furthermore, mpMRI can be used to assess patients for active surveillance (AS), monitor the risk category of patients already on AS [5] , and select patients for MRI/TRUS fusion biopsy by detecting large and high-grade lesions [6] . Multi-parametric MRI includes anatomical sequences (T1-and T2-weighted MR imaging) and functional sequences (diffusion weighted MR imaging (DWI), dynamic contrast-enhanced MRI (DCE MRI), and more rarely MRI spectroscopy imaging (MRSI).
T1W MRI is mainly used within the framework of mpMRI to rule out post-biopsy hemorrhage in the prostate and to survey the entire pelvis for enlarged pelvic lymph nodes and possible bone metastases [7] . T2W MRI shows detailed zonal anatomy of the prostate and serves to not only detect lesions but also to evaluate extracapsular extension and seminal vesicle invasion [8] , while DWI is an indicator of cellularity and tumor aggressiveness [9] . Lastly, DCE MRI assists in the interpretation of T2W MRI and DWI in detection of high-risk prostate cancer and surveillance status postprostatectomy, -radiotherapy or -focal ablation [10, 11] . It primarily differentiates the tumor vasculature from the routine blood vessel network within the prostate through measuring vascular permeability and perfusion [12] .
Like most other solid tumors, PCa exhibits tumor angiogenesis [13] . Vascular endothelial growth factor (VEGF) is associated with more angiogenesis and poorer outcomes [14, 15] . The new tumor vessels created during angiogenesis are thin, highly permeable, and irregular in shape, structure, and organization. Larger vessel diameter and irregular vascular morphology are vascular signs associated with an increased metastatic potential [16] , and higher microvessel density is associated both with metastases and higher Gleason scores except for tumors located in the transition zone [17] . Moreover, the number of abnormal vessels observed in a tumor also inversely correlates with the prognosis [17, 18] . Considering the major role of VEGF and angiogenesis in the spread of PCa, DCE MRI is a natural tool for evaluating the presence of tumor angiogenesis as a distinguishing imaging sign of malignancy. This paper will discuss the strengths and limitations of DCE MRI for detecting prostate cancer within the framework of mpMRI.
What is DCE MRI?
DCE MRI produces a minimally invasive visualization of tumor angiogenesis. The sequence comprises T1-weighted (T1W) fast gradient echo images of the prostate obtained before, during, and after intravenous injection of a low molecular-weight gadolinium chelate. Because of the disorganization and increased permeability of the tumor vessels [19] , the gadolinium contrast washes in and out of the tumor more rapidly than in normal tissue. Cancerous lesions therefore appear hyper-intense, at least initially, on DCE MRI (Figs. 1, 2, 3 ).
Technical aspects of DCE imaging
The recently released American College of Radiology (ACR) Prostate Imaging Reporting and Data System (PIRADS) v2 aims to standardize the acquisition of the DCE MRI sequence, which had been highly variable and inconsistently acquired in the past (Table 1 ). The major parameters of a DCE MRI acquisition, temporal resolution and total acquisition duration, vary greatly across centers. PIRADS v2 recommends a temporal resolution of £15 s (though many centers prefer under 7 s) and total acquisition duration of ‡2 min [23] . In addition, practitioners should adjust spatial resolution in order to avoid volume averaging and allow for the optimum imaging of suspicious lesions. With the use of the minimum requirement parameters, it is hoped that there will be more consensus on the use of DCE MRI in prostate cancer imaging and management.
One of the important questions for DCE MRI is whether to use a 1.5T or 3T magnet system. In general, 3 Tesla provides higher signal-to-noise ratio (SNR) than 1.5 Tesla MRI. The higher SNR strength enables a decrease in acquisition time resulting in increased temporal resolution. The higher SNR can also be used to improve spatial resolution. There are few studies directly com- paring DCE at 1.5 Tesla and 3 Tesla [20] . Sertdemir et al. suggested improved performance at 3 T. For instance, it was shown that the ability to differentiate prostate cancer from normal tissue and prostatitis is improved at 3 Tesla [21] .
While data are limited, it is widely understood that image quality is improved with the use of the endorectal coil (ERC), and specifically at 3 Tesla. However, the decision to use an ERC is controversial as there are added costs and discomfort associated with doing so. Thus, there remains an ongoing debate as to whether the ERC improves sensitivity, specificity and/or overall accuracy. Few large institutions still perform mpMRI with ERC due to the additional time and expense. However, it seems that there may be a justified role for ERC in posttherapy follow-up imaging to detect local recurrence. After focal therapy and/or prostatectomy, the higher SNR provided by the ERC improves the image quality and thus the sensitivity for residual and/or recurrent disease, which is often quite subtle [22] . Qualitative analysis is the most common method owing to its ease of use and availability, as it does not require additional software or hardware. This technique consists of a visual assessment of focal areas that enhance early and more intensely than normal tissue (Fig. 4) . Cancers also tend to washout of contrast faster than normal tissue and benign hyperplasia [11, 24, 25] . These features reflect angiogenesis of the tumor as flow is increased, resistance is decreased and increased interstitial pressures force the contrast back into the vessels accounting for washout [17, [26] [27] [28] . The visual method of assessment is used in PIRADS version 2, as it does not require specific software [23] . A lesion is considered positive on DCE MRI when it exhibits focal enhancement earlier or contemporaneously with normal prostatic tissue, and when there are corresponding findings on T2W and/or DWI. Alternatively, DCE MRI is negative in the absence of early enhancement of the contrast media, or in the presence of diffuse enhancement that does not correspond with a focal finding on T2W and/or DW MRI. There is, however, overlap between benign and malignant tissues in both the peripheral and the transition zones; some benign lesions such as benign prostatic hyperplasia (BPH) nodules show strong early enhancement, while some malignant lesions do not show early enhancement or washout [29, 30] . Although qualitative analysis is the easiest of the three techniques to implement, it is the most subjective and the least standardized.
Semi-quantitative analysis is also based on the premise that tumors demonstrate more rapid and more intense early enhancement. This method involves placing an electronic region of interest (ROI) and tracking the time-intensity curves. While the overall shape of the curve is the most important feature, other parameters include the time of first contrast uptake, time to peak, maximum slope, and peak enhancement [31, 32] . There are three types of dynamic contrast enhancement curves: type 1 demonstrates progressive enhancement, type 2 demonstrates rapid enhancement and then plateaus, and type 3 demonstrates rapid enhancement and then washout. These dynamic curve types were used in the original PIRADS version 1 scoring system [33] . Because prostate cancer has been shown to demonstrate early intense enhancement with rapid washout of contrast [1] , the type 3 curve is considered the most suspicious for prostate cancer. However, prostate cancers can also exhibit type 1 and type 2 curves and thus ''curve shape'' is not specific [30] . There are commercial products that display qualitative parameters such as those described above in a color-coded format.
The use of dynamic curves is a relatively simple approach that can help differentiate malignant from normal tissue [31] , but the method has many limitations. One must keep in mind that the qualitative nature of curve typing is dependent on the quality of the injection and it provides no physiologic insight into the underlying pathology. It can therefore be difficult to compare the results obtained at different institutions. The PIRADS Steering Committee has concluded that there is not enough peer-reviewed published data or expert consensus to support the clinical use of semi-quantitative methods in DCE MRI analysis [23] .
Quantitative analysis is the most complex of the methods used to analyze DCE MRI, requiring additional software. The two-compartment pharmacokinetic Tofts model is most commonly used [34] . This method does not rely on signal intensity but rather on the calculated concentration of gadolinium in the tumor, enabling quantification of contrast agent exchange between the intravascular and the extravascular extracellular space. The Tofts model fits various parameters to the time gadolinium concentration curve generated during DCE MRI. It incorporates an arterial input function to calculate the constants K trans , k ep , and v e . K trans is the volume transfer constant between blood plasma and the extravascular extra-cellular space of the tumor. This is a measure of the permeability of the vasculature, also known as the rate of influx/wash-in. v e is the fractional volume of extravascular extracellular space, and the constant k ep is the quotient derived from dividing K trans by v e , representing the efflux/washout from the extravascular extracellular space back to plasma. Both K trans and k ep have been shown to be elevated in cancers [35, 37] , and commercial software programs are available to produce color-encoded K trans and k ep maps. This quantitative method is the most objective, as it is not influenced by technical variations such as injection rates.
However, there is also overlap of the rate constants for benign and malignant tissue. This type of analysis is also the most complex and most time intensive method of assessing DCE MRI, and the current expert opinion is that there is inadequate published data to support its widespread clinical use.
Studies have examined all three techniques, with varying results [24, [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . Hansford et al evaluated the performance and inter-observer agreement of qualitative DCE MRI curve analysis for the differentiation of prostate cancer from healthy prostatic tissue in the PZ in 120 patients. They reported similar ROC curves for all observers, but mean areas under the receiver operating characteristic curve were poor (0.58 ± 0.04 [standard deviation] to 0.63 ± 0.04) [30] . Ocak et al. evaluated quantitative approach in 50 patients and reported overall sensitivity, specificity, PPV, and NPV of T2-weighted imaging as 94%, 37%, 50%, and 89%, respectively. The sensitivity, specificity, PPV, and NPV of dynamic contrast-enhanced MRI were 73%, 88%, 75%, and 75%, respectively, in that cohort. Additionally, the K trans , k ep , and AUC were significantly higher (p < 0.001) in cancer than in the normal peripheral zone [38] .
It is clear that the evaluation and interpretation of DCE MRI is complex, with multiple factors at play. Therefore, DCE MRI should always be read in conjunction with the other MRI sequences. In addition, the variability in technique and interpretation makes standardization difficult to implement across all institutions-the optimal technique still needs to be established.
Current use of DCE MRI in prostate cancer

Cancer detection in treatment-naıve patients
The use of DCE MRI, once a mainstay of prostate MRI, is now much more controversial. In a study of 70 patients who later underwent radical prostatectomy, Turkbey et al. found that DCE MRI and T2W MRI resulted in a probability of tumor detection of 0.58, compared to 0.40 when T2W MRI was used alone [41] . Though DCE MRI cannot be used alone to identify tumors, the sequence's high-contrast images and improved spatial resolution over DWI can aid readers in increasing the PIRADS score of lesions equivocal on DWI imaging (Fig. 2) [23] . DCE MRI is especially valuable for evaluating lesions in regions of the prostate that are challenging to evaluate, such as the central zone, distal apex, anterior fibromuscular stroma, and subcapsular regions [42] . In these cases, a reader may see a subtle lesion on other sequences and turn to DCE MRI to further evaluate and/or confirm suspicion.
On the other hand, a recent meta-analysis of 22 studies aimed at evaluating the role of DCE MRI in detecting PCa found that, although DCE MRI improved tumor detection when compared to T2W alone (0.82-0.86 versus 0.68-0.77). Moreover, the partial AUC for the combination of DCE MRI, DWI, and T2W MRI was improved significantly (0.111; 0.103-0.119) when compared with DCE MRI alone (0.079; 0.072-0.085) and T2W MRI alone (0.079; 0.074-0.084) but not DWI alone (0.099; 0.091-0.108) [43] . Though it is clear that DCE MRI assists readers in identifying abnormalities in specific cases during an mpMRI examination, more extensive studies will be necessary to clarify the exact additive role of the sequence.
Cancer detection in post-treatment patients DCE MRI is the most important mpMRI sequence for assessing for local recurrence of prostate cancer or residual disease, given the altered anatomy following definitive therapy [44] .
Compared to T2W MRI alone, several studies have shown that the combination of T2W MRI with either DCE MRI or DWI performs better for detecting local recurrent prostate cancer after radical prostatectomy at 3T. Cha et al. identified increased AUC values of 0.935 and 0.845 in two readers for the combination of T2W MRI and DCE MRI for evaluating suspected soft tissue lesions in the prostatectomy fossa compared to AUC values of 0.773 and 0.756 for the two readers using T2W MRI alone, respectively. This represented a significant improvement, with p values of <0.001 and 0.018 for the two readers, respectively [45] . Roy et al. found that the combined sensitivity for detecting locally recurrent prostate cancer was 100% for T2W MRI combined with DCE MRI compared to only 57% for T2W MRI alone [46] . DWI, which is so successful in patients before surgery, tends to be highly distorted due to surgical clips and other artifacts after surgery and thus has less utility in the post-operative patient. Two other studies showed similar findings for detecting local recurrence using DCE MRI at 1.5T [47, 48] . These studies indicate that there is added value to using DCE MRI together with T2W MRI for detecting recurrent prostate cancer (Fig. 5) .
DCE MRI has also been evaluated as a biomarker to assess response to focal therapy for recurrent prostate cancer. Barrett and colleagues investigated the accuracy of DCE MRI for predicting patient response to photodynamic therapy (PDT) applied as salvage treatment for prostate cancer patients who previously underwent definitive external beam radiation therapy (EBRT). They found that DCE MRI performed one week into PDT accurately predicted disease recurrence with 100% sensitivity, 60% specificity, 83% positive predictive value, and 100% negative predictive value, and thus showed promise for assessing patient outcome [49] . Though the population size was small (n = 15), the findings were encouraging and DCE MRI correlated better with patient outcome than prostate-specific antigen (PSA) levels, which decreased for 13/15 patients in the study.
Assessment of tumor aggressiveness
The aggressiveness of prostate cancer can be assessed in a number of ways, either based on the histologic grade defined by the Gleason score or, preferably, by response to therapy. However, the latter requires a considerable amount of time. Thus, predictive markers of aggressiveness have clinical importance. In a cohort of 87 patients in which DCE MRI was performed prior to and after radiation therapy, Low et al. found that the K trans values correlated with Gleason score, with the highest K trans values corresponding to the highest Gleason score of 9, and these differences in K trans persisted 2 months after treatment although in 75% of cases there were reductions in K trans after therapy. These findings demonstrate that DCE MRI may indicate the relative aggressive potential of prostate cancers, since K trans was highest for the higher grade tumors [50] .
Another study by Vos et al. retrospectively examined the correlation between quantitative DCE MRI parameters and peripheral zone tumor aggressiveness (as defined by Gleason score on radical prostatectomy). They found that three parameters were particularly useful for discriminating low vs. intermediate or high-grade prostate cancer: the 75th percentile of wash-in, K trans , and K ep (for all three, p = 0.02 and area-under-the-curve (AUC) = 0.72) [51] . While these distinctions were statistically significant, they may lose value in individual cases as there are considerable overlaps between the categories. Moradi et al. found positive correlations between Gleason score and K trans , v e (interstitial space volume) and v p (plasma volume) [52] . Turkbey et al. found that lesions were generally easier to detect as their Gleason score increased and that DCE MRI findings correlated with Gleason score, although again there were considerable overlaps [53] . These three studies show that DCE MRI becomes increasingly more useful with higher grade Gleason scores, though tissue confirmation is always necessary to confirm the presence of cancer as these findings can be non-specific and there exists considerable overlap among categories.
Prior biologic studies of prostate pathologies provide a potential explanation for the correlation of DCE MRI features with Gleason grade. Franiel and colleagues found that high-grade prostate cancer had the highest measurements of perfusion calculated in units of mL/cm 3 /min from post-processing parametric maps of the DCE MRI dataset [54] . Low-grade cancer had lower average perfusion, and the perfusion of prostate cancer overall was higher than for chronic prostatitis and normal tissue. The delay (in seconds) was lowest for high-grade cancer compared to normal tissue, chronic prostatitis, and low-grade cancer, potentially providing a basis for differences in pharmacokinetic properties observed for the different Gleason score categories.
Challenges and limitations of DCE MRI
There are several important challenges and limitations to DCE MRI. First, the sequence is sensitive to motion resulting from bulk patient movement (''squirming or restlessness'') [55] , rectal peristalsis, and continuous bladder filling [11] . Because the study takes place over two to five or more minutes, there is ample opportunity for all types of motion, which leads to distortions, lowquality dynamic MR images and noisy curves [55] (Fig. 6 and Online Resource 1). Although it is not mandatory and may be difficult to perform, some papers have suggested that performing a rectal enema 1-3 h before MRI, using a glucagon-like anti-peristaltic agent, and recommending 4-6 h of fasting can decrease intestinal motion [55, 56] . Clinicians may be able to minimize discomfort from the ERC using a pelvic phased array coil instead, although Aydin et al. suggested that use of the latter decreases DCE MRI's specificity, sensitivity, and positive and negative predictive values [55] . If motion cannot be reduced during the study, commercially available DCE MRI post-processing software can attempt to realign the sequential images [11] .
Another limitation of DCE MRI is its relative nonspecificity. As discussed, tumors are not the only areas to show rapid enhancement and de-enhancement on DCE MRI-both prostatitis and highly vascularized BPH nodules can result in increased vessel enhancement [11] . Post-biopsy hemorrhages can also generate both false positive and false negative results. In addition, tumors in the anterior hypo-vascular transitional zone may not be apparent on DCE MRI because of their paucity of blood supply [11] . It is therefore necessary to interpret DCE MRI results in conjunction with the other mpMRI sequences.
Furthermore, DCE MRI adds cost compared to the other mpMRI sequences because it requires a bolus Fig. 5 . 68-year-old man with a PSA = 11 ng/mL 6 years after prostatectomy. T2W MRI shows a lesion in the prostatectomy bed (arrow) (A), DCE MRI shows hyperenhancement within the lesion confirming local recurrence (arrow) (B).
injection of gadolinium-based contrast media. Gadolinium chelates have a low risk of causing nephrogenic systemic fibrosis in patients with severe kidney failure, and those on dialysis are especially at risk. There is recent concern over the long-term deposition of gadolinium in parts of the brain and kidney. Exposure to intravenous gadolinium can lead to deposition of the contrast media in neural tissue, even in patients with normal renal function [57] . The deposition appears to be cumulative over a patient's lifetime and can be detected after as few as four lifetime doses of the contrast agent. Clinicians may therefore need to weigh the benefits and risks of adding gadolinium-based contrast media to the prostate MRI.
A final limitation of DCE MRI is the difficulty of reproducing results across centers. Although the recent PIRADS v2 maps out guidelines for image acquisition, processing, and interpretation of DCE MRI, there remain sources of variability (such as availability of 3T scanners). In summary, although there are several limitations to DCE MRI, the literature consistently recommends that it should be included as part of the mpMRI protocol as it can be used as an additional tool for characterization of indeterminate findings based on T2W and DWI alone.
Future perspectives
PIRADS v1 (2012), put forward by the European Society of Urogenital Radiology (ESUR), supported the use of semi-quantitative DCE MRI enhancement curves in the scoring system. Type 1 (progressive), type 2 (plateau), and type 3 (washout) curves were given progressively higher scores that contributed to the overall assessment. However, in a 2014 study evaluating semi-quantitative DCE MRI analysis, Hansford et al. demonstrated that the curve-type analysis performed poorly in differentiating prostate cancer tissue from healthy tissue in the peripheral zone [30] . They also found that although interobserver agreement was high for Type 3 curves, it was lower for Type 1 and Type 2 curves. Moreover, it became clear that each lesion harbored a variety of curve types. The study therefore underlined a weakness in the first version of PIRADS: semi-quantitative analysis of DCE MRI was not reliable for detecting cancer, and it was less reproducible than desired. Accordingly, the PIRADS v2 guidelines attribute a more limited role to DCE MRI. The new guidelines acknowledge that the value of DCE MRI is not well established, and thus its role in determining PIRADS v2 Assessment Category is minor as compared to T2W and DW MRI. DCE MRI can be used to better interpret a moderate PIRADS score for a lesion; for example, when DWI shows a PIRADS 3 lesion in the peripheral zone, a positive finding on DCE MRI upgrades the score to PIRADS 4. On the other hand, DCE MRI is not included in the overall assessment when the lesion scores low (PIRADS 1 or 2) or high (PIRADS 4 or 5), and it does not upgrade a PIRADS 3 score in the transition zone [23] .
The parameters for optimum DCE MRI acquisition have been controversial. For example, there has been some debate as to the best temporal resolution for the sequence; as discussed, PIRADS v2 recommends a temporal resolution of £15 s (with <7 s preferred) [23] , with a total observation time of at least 2 min. According to the PIRADS Steering Committee, this temporal resolution and duration of DCE MRI provides the best visualization of focal early enhancement. Some studies have suggested that readers should focus only on early enhancement, because washout is less significant to diagnosis. For example, a 2013 study by Rosenkrantz et al. observed that requiring evidence of early contrast media washout in order to label a region suspicious for cancer decreases sensitivity for a peripheral zone tumor [40] . If further studies demonstrate that observing washout is unnecessary, the DCE MRI study's total observation time could potentially be decreased.
In terms of post-study processing, the development of computer-aided diagnosis (CAD) systems is a recent advance. CAD systems aim to improve observer performance, especially among non-experts. A typical CAD system will process mpMRI images and create a diagnostic result, such as a color prediction map of the prostate showing areas likely to be cancerous [60] . CAD has shown promise in several studies [58, 59] as an automated, reproducible method of detecting prostate cancer, though large multi-center studies will be necessary for a more thorough evaluation of the technology. Most CAD systems utilize DCE MRI in creating their maps, though one recent study by Kwak et al. demonstrated an effective CAD using only T2W and high bvalue DWI MRI [61] .
As CAD systems improve, the interpretation of DCE MRI and the other mpMRI sequences will improve as well-an accurate reading will depend less on the experience of the radiologist and will take less time. Furthermore, as the PIRADS v2 guidelines gain prevalence, interpretation of DCE MRI results (whether by a radiologist or by CAD) will become more standardized across centers. In the future, it will be important to integrate the PIRADS v2 standardization of mpMRI image acquisition and processing parameters into the clinical context.
Conclusion
Though the exact value of DCE MRI is controversial, the sequence plays an important role in detecting and localizing recurrent cancer in patients with biochemical recurrence, evaluating indeterminate lesions in the peripheral zone, and detecting subtle lesions in anatomically challenging regions. The PIRADS v2 has defined optimum parameters for DCE MRI acquisition, which will lead to greater standardization of the sequence in the coming years. Although DCE MRI is less integral to PIRADS evaluation than in the past, it is still an important part of the mpMRI-based prostate examination.
